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Abstract

Increased traffic volume has made it necessary to increase highway capacities by widening embankments and pavements. Adding a
new embankment to an existing embankment induces additional stresses and deformations beneath the widened and existing portions
of the embankment. Differential settlement may develop between and within the new and existing portions of the embankment, especially
over soft soils. This differential settlement often causes pavement distress, such as longitudinal cracks or the drop-off (or sinking) of pave-
ment sections. Different techniques have been adopted to remedy these problems, including the use of foundation columns, such as deep
mixed columns, vibro-concrete columns, stone columns, and aggregate piers. However, design procedures for foundation columns con-
structed for this purpose are not well developed. The analyses of eight cases of column-supported widened embankments and two
untreated foundations are presented in this paper. The factors considered include the consolidation of foundation soils under existing
embankments and the spacing, region, and modulus of foundation columns. Two-dimensional finite difference software was used after
the calibration of the model against a field case study and numerical analyses were conducted to investigate stresses and deformations of
the widened embankments over soft soil with or without the remediation of foundation columns. The results presented in this paper
include the vertical and the horizontal displacements, the maximum settlements, the transverse gradient change, and the distribution
of the additional stresses induced by the widening. Recommendations are made for the design of foundation columns to remedy roadway
pavement failure due to widening of embankments.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction adjacent to the existing embankment induces not only

additional stresses and deformations under the widened

Increased traffic volume since construction has made it
necessary to increase highway capacities by widening
embankments and pavements. The 1989 Government’s
White Paper ‘Roads for Prosperity’ [1] indicated that
“about 60% of the motorway network in England as well
as some truck roads will need to be widened by the provi-
sion of additional lanes”. Adding a new embankment
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portion but also those under the existing embankment. Dif-
ferential settlement may develop between and within the
new and existing embankments, especially over soft soils.
This often causes pavement distress, such as longitudinal
cracks or drop-off of pavement sections. Ling et al. [2]
reported a number of roadway pavement distresses due
to widening of existing roads in China. Fig. 1 shows typical
pavement distresses after widening of roadways [2]. The
collapse of the pavement section is typically induced by
the instability of earth structures, such as retaining walls
or slopes. Pavement cracking is often induced by excessive
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(b) Longitudinal crack on asphalt
pavement

(c) Longitudinal crack on concrete
pavement

(d) Drop-off of pavement section

Fig. 1. Pavement distresses after widening of roadways [2].

differential settlements. The drop-off (or sinking) of pave-
ment sections commonly occurs when the differential settle-
ment is excessive but the pavement structure is rigid and
strong. Ling et al. [2] proposed design criteria for widened
pavements by setting limits for the transverse gradient
change of the embankment (Table 1). The transverse gradi-
ent change is defined as the percentage of the maximum dif-
ferential settlement induced by widening divided by the
span of the two positions on which the differential settle-
ment is based. These design criteria were developed based
on asphalt pavements over lime-flyash-aggregate base and
lime-stabilized soil subbase and assuming tensile failure
occurring at the bottom of the base course. The criteria
consider the utilization of the existing pavement structures,
the pavement joint condition, and the existing and new

Table 1
Design criteria for transverse gradient change of pavements after widening
2]

Utilization of existing
pavement structure

Pavement
joint condition

Limit of gradient change (%)

Existing Widened
embankment, portion, gy
8e
No NA 0.4 0.4
Yes Separate 1.5 0.5
Connected 1.5 0.5
—0.18 < gy — 2. <043

embankments. When the existing pavement is utilized,
the transverse gradient change for the existing embank-
ment is accumulated from both the construction and
post-construction. For other conditions, however, the
transverse gradient change is only induced during the
post-construction of the pavement. A centrifuge test done
by Wang and Huang [3] resulted in a transverse gradient
change up to 4%, which is much higher than that provided
in Table 1. The transverse gradient change is the same as
the angular distortion used in foundation design. Marsh
and Thoeny [4] suggested an angular threshold criterion
of 0.3-0.5% for slab-on-grade structures considering
expansive soil curling or settlement at a negligible to low
damage level, which is close to that for widened embank-
ments proposed by Ling et al. [2].

Different techniques (Fig. 2) have been used in practice
to avoid, minimize or remedy distresses due to the widening
of embankments, such as the use of lightweight backfill
materials, geosynthetic reinforcement, over-excavation
and replacement, installation of piles or foundation col-
umns, preloading, and a combination of the above alterna-
tives [5]. Foundation columns include but are not limited to
deep mixed columns, vibro-concrete columns, stone col-
umns, and aggregate piers, etc., which are the focus of this
study. Forsman and Uotinen [6] investigated the effect of
geosynthetic reinforcement on the settlements and horizon-
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Fig. 2. Remedying techniques used in widening of roadways [5].

tal displacements of embankments after widening (Fig. 2b).
Han and Akins [7] reported the use of vibro-concrete col-
umns with geogrid layers above to support widened
embankments in the US (Fig. 2d). Geosynthetic reinforce-
ment may not be needed if the spacing of the columns is
close and/or the height of the embankment is large. van
Meurs et al. [8] presented a field study to investigate the
effectiveness of the Gap-method for embankment widening
(Fig. 2e). The basic principle of the Gap-method is to con-
struct the widened portion in two stages. The new embank-
ment fill is first placed with a gap to the existing
embankment as surcharge for consolidation of soft soils
in the first stage, which is also expected to provide lateral
constraint to soils during the placement of the additional
embankment fill in the second stage to fill the gap and unify
the widened one to the existing one. However, this study
concluded that the Gap-method did not provide any posi-
tive effect on the lateral movement of the embankment as
compared with that in one-stage construction. This conclu-
sion is slightly different from that obtained by Allersma
et al. [9] using a small centrifuge study, in which a differ-
ence in deformations, especially horizontal displacements
was observed between a regular horizontal widening
method and the Gap-method.

Even though widening of embankments has been com-
monly adopted in practice, so far, very limited guidance
for design is available for widening projects. Han et al.
[5] proposed a simplified method for estimating the settle-
ment of the widened embankment over a uniform founda-
tion soil. This method cannot be applied for the situation
where the soil under the existing embankment has better
properties due to its consolidation or improved by ground
improvement methods, such as foundation columns. So
far, it is not well understood how foundation columns
should be designed and laid out to reach desired perfor-
mance. The objective of this study is to investigate the
effects of installing foundation columns in the soil beneath

the widened portion of the embankment and/or the consol-
idated soil under the existing embankment.

2. Calibration of numerical model

To ensure the reasonableness of the numerical model to
be used for the parametric study, a field case study as
described below was selected for the calibration of this
numerical model. Due to the unavailability of a well-docu-
mented roadway widening case study to the authors’ best
knowledge and a search, a field study with a new embank-
ment over geosynthetic and deep mixed columns [10] was
adopted for this purpose. The details of this calibration
can be found in the paper by Han et al. [11], therefore, a
brief description of this calibration is presented below.

2.1. Brief project description

The selected project is a bridge embankment constructed
on deep mixed (DM) columns beside the Sipoo River at
Hertsby, Finland. Detailed description of this project can
be found in the literature [10]. However, corrections and
update on settlement measurements were made based on
Forsman [12]. The soft foundation below the embankment
consists of a 1-1.5m thick crust, 10-14 m of soft clay,
0-6 m of silt, and 1-5 m of glacial till. The soft clay over
the silt layer has an undrained shear strength of 10—
15kPa. The effective cohesion and friction angle are
8 kPa and 13°, respectively, determined from drained triax-
ial tests. The elastic moduli under drained and undrained
conditions are 300-600 kPa and 3000-8000 kPa, respec-
tively, also determined from the triaxial tests. The deter-
mined Poisson’s ratio under drained conditions is 0.1-0.2.
The embankment has a 50 mm thick asphalt layer,
200 mm thick crushed stone base course, 1050 mm gravel
subbase, and 500 mm thick sand working platform above
the existing ground (i.e., at the base of the embankment).
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The soft foundation was improved with DM columns as
shown in Fig. 3 to have enough bearing capacity and min-
imal compressibility. The columns have an average diame-
ter of 800 mm. Cement and by-product based binder were
used as an admixture and the admixture content was
130 kg/m>. The top layer on the embankment shown in
Fig. 3 is the pavement section (including asphalt, base
course, and subbase course). The design shear strength of
the columns is 150 kPa. One layer of woven geotextile
and a 0.3 m sand layer were placed over the columns.
The ultimate strength of this geotextile is 200 kN/m in both
longitudinal and transverse directions. The secant stiffness
of this geotextile layer is 1790 kN/m and 2120 kN/m at
strains of 2% and 6%, respectively. The adjacent geotextile
sheets were jointed together by seams. This constructed
embankment was instrumented with horizontal hydrostatic
profile gauges, settlement plates, and strain gauges on the
geotextile sheet.

After 5 years, the measured maximum settlements were
approximately 120 mm [12] as shown in Fig. 4. There was
differential settlement between the DM column walls. The
settlements had become relatively stable after two years
since construction. The measured strains in the geotextile
in the longitudinal and transverse directions of the
embankment were 0-0.2% and 0-1%, respectively. The ten-
sions in the geotextile corresponding to 0.2% and 1% strain
are 3.6 kN/m and 18 kN/m, respectively.

2.2. Numerical modeling

A 2D finite difference method, incorporated in fast
Lagrangian analysis continua (FLAC) Version 4.1 [13],
was adopted in this study. The numerical model for cal-
ibration against this case study is presented in Fig. 5.
Due to the symmetry of the problem, half of the section
was used in the analysis. The DM columns with a wall
pattern were modeled as two-dimensional soil-cement

TN
TR

Fig. 3. Cross section of embankment and layout of DM columns [10].
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Fig. 4. Measured settlement with time [11].
walls. The wall at the centerline has only half-width.

Two cases were investigated to evaluate the influence of
the individual mid-columns between DM column walls:
(1) without the mid-columns and (2) with the mid-col-
umns. The case without mid-columns is the worst
situation for design. In the case with mid-columns, the
mid-columns are converted to an equivalent soil-cement
wall as discussed later for the 2D analysis purpose. The
actual behavior of the embankment over DM columns
is expected to be between these two cases. The DM col-
umns, the soft clay, the silt, and the embankment fill were
modeled as elastic-perfectly plastic materials. The soil lay-
ers and the DM columns extend to the depth of the firm
glacial soil. No deformation below the silt layer is
assumed. A Mohr-Coulomb failure envelope was used
as the failure criterion. A cable element was used to sim-
ulate the geotextile layer, which is located 0.3 m above
the top of the DM columns. The properties of the soils,
the DM columns, and the geosynthetic layer are provided
in Table 2, most of them from Forsman et al. [10]. The
elastic modulus of the DM columns was estimated based
on the typical relationship of £ =100 ¢, (e.g., Porbaha
[14]; Bruce [15]), where ¢, = unconfined compression
strength (300 kPa). The effective thickness of the DM wall
was estimated to be 0.7 m. The effective thickness was
estimated based on the equivalency of the actual area
of a series of DM columns to the area of thel wall
modeled in the analysis. The wall thickness for the mid-
columns was taken to be the same but the equivalent
elastic modulus and the equivalent cohesion of the mid-
column walls were determined based on the area average
of these parameters from the DM columns and the
soft soil (ie., Eeq= Euas+ E(l —as) and coq = coas+
cs(1 — as), where Eq, E, and E are the equivalent modulus
and the moduli of the column and the soft soil, respec-
tively; ceq, ¢, and ¢ are the equivalent cohesion and
the cohesion of the column and the soft soil, respectively;
as is the improvement ratio by the DM columns within
the row of the individual columns). The crust near the
ground surface was not considered in the numerical
analyses since the crust might be disturbed during the
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Fig. 5. Dimensions and boundary conditions in the numerical model.

Table 2
Material properties used in the numerical analysis
Material E (MPa) v y (kN/m®) ¢ (kPa) ¢’ (°)
Soft clay 0.3 0.2 14.8 8 13
Silt 1.6 033 20 5 20
Embankment fill 40 033 20 5 38
Platform fill 20 033 20 5 32
(below
geotextile)
DM column 30 0.3 20 150 0
wall
Mid-DM 15 0.3 20 79 0

column wall

Geotextile
(cable)

J =1700 kN/m, ¢; = 0.8, k = 85,000 kN/m/m

Note: E, elastic modulus; v, Poisson’s ratio; y, unit weight; ¢’, effective
cohesion; ¢, effective friction angle; J, tensile stiffness of geotextile;
¢;, interaction coefficient between geotextile and sand; and k, interface
shear stiffness between geotextile and sand.

installation of DM columns and this simplification is
expected to yield conservative results.

The actual construction sequence was not reported in
the reference (Forsman et al. [10]) and it was simulated
by adding embankment fill in six layers with equal thick-
ness (0.3 m). A surcharge of 12 kPa was used to simulate
the traffic loading. The problem was analyzed based on
drained conditions. The bottom boundary is fixed in both
horizontal and vertical directions and the two side bound-
aries are fixed in the horizontal direction but free in the ver-
tical direction.

2.3. Results and comparisons

Since the details of the numerical results for vertical dis-
placements, tension in reinforcement, and vertical stresses
were reported by Han et al. [11], herein are only the key
results reported and compared. The maximum settlements
and tension in the geotextile from the measurement and
the numerical analyses are summarized in Table 3. As
expected, the case without mid-columns over-predicts the
maximum settlement between the DM column walls over
the measured. The case with mid-columns yields a close
agreement of maximum settlement between the DM col-
umns to the measured. The calculated maximum settlement
of the DM column wall is very close to the measured if the
mid-columns are included.

As shown in Table 3, the numerical analyses yielded a
maximum tension from 7.3 kN/m (with mid-column walls)
to 18.3kN/m (without mid-column walls), while the

Table 3
Comparisons of maximum settlement and tension in geotextile

Measured Numerical analysis
Without With
mid- mid-
columns columns
Maximum settlement 110-120 196 (127) 110 (100)
(mm) (104)
Maximum tension (kN/m) 3.6-18.0 18.3 7.3

The number in the parenthesis () represents the maximum settlement over
the DM column wall.
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measured maximum tension ranges from 3.6 kN/m to
18.0 kN/m. They are in a reasonably good agreement. It
should be pointed out that the tension of 3.6 kN/m was
measured in the longitudinal direction of the embankment
rather than the transverse direction in the analyses. This
comparison indicates that the calculated tension (18.3
kN/m) in the reinforcement in the transverse direction for
the case without mid-columns is very close to the measured
(18.0 kN/m) in the same direction. This agreement can be
explained by the fact that the geotextile sheet between the
gaps of the individual mid-DM columns actually has a long
span between the column walls, which creates a similar sit-
uation to that without mid-columns modeled in the numer-
ical analysis.
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These comparisons prove that this numerical model is
efficient and reasonable for the analysis of embankments
over columns, therefore, it was adopted for the parametric
study of foundation columns for remedying roadway fail-
ure due to widening of existing embankments. In this para-
metric study, geosynthetic reinforcement was not included
and will be investigated in the future.

3. Parametric study
3.1. Numerical modeling

The cross-section, boundary conditions, and dimensions
for the numerical model used for this parametric study are
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Fig. 6. Model for the numerical analysis of roadway widening.
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Fig. 7. Parameters used in all the analyzed cases.
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presented in Fig. 6. The columns were modeled as walls in
the plane strain condition. The thickness of the column
walls used in this analysis was 1.0 m. All the columns
started from the base of the embankment and were embed-
ded into the bedrock for 1 m. The cases, materials proper-
ties, soil conditions, and options of treatment are presented
in Fig. 7. The analysis was conducted under a drained con-
dition. For clarity, the existing embankment refers to
ADGF, the widened portion refers to DEHG, and the wid-
ened embankment refers to AEHF. Embankment fill, soft
soil, and columns are modeled as linearly elastic perfectly
plastic materials with Mohr—Coulomb failure criteria. Bed-
rock is modeled as an elastic material with high modulus
and the compression of the bedrock is negligible. The mate-
rial properties were selected based on the typical reference
values [16] and considering those used in the calibration
case. There are two foundation soil conditions: uniform
and non-uniform. The uniform soil condition is an ideal
situation, which is the same as that investigated by Han
et al. [5]. This condition also serves as a basis for investigat-
ing the effect of consolidated soil under the existing
embankment, i.e., the non-uniform soil condition. The
non-uniform soil condition includes three consolidated
zones (AB, BC, and CD) and surrounding zones. The con-
solidated zones have better soil properties in terms of
strength and modulus than the surrounding soil zones.
The strength and modulus in Zone BC are higher than
those in Zones AB and CD considering different overbur-
den stresses under the center and the slope portions of
the embankment. One of the primary purposes of this
study is to demonstrate the magnitude of the effect of
improved properties of consolidated soil under the existing
embankment on the performance of the widened embank-
ment. The options of treatment for the foundation soil
include no treatment, columns beneath only the widened
portion, and columns beneath both the connection side
slope of the existing embankment and the widened portion.
In this study, the columns underneath the existing embank-
ment are installed prior to the construction of the widened
portion. In realty, the columns in this zone may be installed
before or during the construction of the widened section.
The influence of the construction sequence of columns will
be investigated in a future study. In addition, the effects of
column spacing and modulus were examined in this study.
This numerical analysis was conducted under a two-dimen-
sional plane strain condition and the columns were treated
as walls with a thickness of 1 m.

In the numerical modeling, the ground was first formed
by applying a gravity force under a small strain condition.
The small strain mode does not update the mesh coordi-
nates. Any deformation induced during this process was
zeroed out. Then the existing embankment was constructed
and followed by a traffic loading of 12 kPa still under a
small strain condition. The small strain mode was selected
to ensure no distortion of mesh develops before the widen-
ing of the existing embankment. After the construction of
the existing embankment and the application of the traffic

loading, all the displacements were zeroed out again. This
process simulated the completion of the consolidation of
the existing embankment. If the consolidation of soil is
considered in the analysis, the properties of Zones AB,
BC, and CD are changed to the improved properties as
shown in Fig. 7. If the foundation columns are considered,
the corresponding zones are changed to the proper proper-
ties of columns. After this process, the widened portion and
the traffic loading on the widened portion were added and
analyzed in a large strain mode to simulate the widening of
the embankment. The large strain mode updates the mesh
coordinates due to displacements. The widened portion
was placed in one stage and the analyses were conducted
with the assumption of drained conditions. All the dis-
placements induced during the last process resulted from
the widening of the embankment.

3.2. Analysis of results

3.2.1. Vertical displacement contour and maximum
settlement

Vertical displacement (settlement) contours for the
embankment due to widening are presented in Fig. 8 for
three cases. It is shown that the maximum settlement devel-
ops on the crest of the embankment due to the traffic load-
ing, the compression of the embankment fill, and the slope
movement in addition to the settlement at the base of the
embankment. Fig. 8 shows that the differential settlements
develop mainly in the widened portion and decrease from
Case 2a (no column), Case 2d (columns under only the
widened portion) to Case 2e (columns under both the con-
nection side slope of the existing embankment and the wid-
ened portion). When the columns are constructed under
only the widened portion, the location of the maximum dis-
placement is shifted towards the existing embankment. The
addition of columns under the connection side slope of the
existing embankment (i.e., Zone CD in Fig. 6) controls and
further minimizes the maximum displacement. In addition
to the reduced displacements, the contours suggest a dra-
matic change in the displacement gradients, which will be
further discussed in the section of “transverse gradient
change”.

The maximum settlements at the crest and the base of
the widened embankments are presented in Table 4. The
embankment fill settlement was calculated by subtracting
the settlement at the base from that at the crest. It is shown
that the fill settlement is close for all the cases and its aver-
age value is approximately 10 mm.

3.2.2. Settlement profile

The settlements at the base of the embankment induced
by widening are presented in Fig. 9. Slight heave occurs
below the left side slope of the existing embankment. The
settlement profile for Case la is almost the same as that
presented by Han et al. [5], in which elastic models were
used for the all materials. This comparison implies that
the embankment and the soft soil in Case la are mostly
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Fig. 8. Vertical displacement contours of widened embankments.

Table 4
Maximum settlements at the crest and the base of the widened
embankments

Location Case (unit: mm)

la Ib 2a 2b 2¢ 2d 2 2f 2g 2h
Crest 131 8 106 61 57 60 40 35 33 30
Base 120 72 99 50 47 48 30 25 21 19

Fill 11 11 7 11 10 12 10 10 12 11

in the elastic range. As Case 1b is compared with Case la
(both under a uniform soft soil condition) in Fig. 9a, the
use of columns not only reduces the maximum settlement
but also pushes the location of the maximum settlement
towards the existing embankment. In other words, the soft
soil under the existing embankment plays an important
role in the maximum settlement.

Fig. 9b shows the effect of the improved properties of
the consolidated soil under the existing embankment. Case
2a with the consolidated soil has less settlement than Case
la with the uniform soil.

Fig. 9¢ shows the effect of columns under only the wid-
ened portion for non-uniform soil conditions. Similar to
Fig. 9a, the use of columns (Cases 2b and 2c) reduces the
maximum settlement and shifts the location of the maxi-
mum settlement. It is also shown that the reduction of
the column spacing from 3m (Case 2b) to 2m (Case 2c)
only slightly reduces the maximum settlement. This phe-
nomenon results from the fact that the maximum settle-
ment is mostly contributed by the soft soil under the
existing embankment. Another analysis for Case 2d was
performed by changing the column modulus from
100 MPa to 200 MPa. No obvious difference is found due

to the same reason which is related to the soft soil under
the existing embankment. Therefore, the results of Case
2d were omitted in Fig. 9c.

Due to the influence of the soft soil under the existing
embankment as discussed above, the columns installed
under the connecting side slope of the existing embank-
ment (i.e., Case 2e) reduce the maximum settlement of
the widened embankment as shown in Fig. 9d. The location
of the maximum settlement for Case 2e shifts back to the
widened portion. This shift is because the soft soil under
the widened portion has lower strength and modulus than
that under the connecting side slope of the existing
embankment. Comparing Case 2f with Case 2e indicates
that further reduction of the column spacing from 3.0 m
to 2.5m reduces the maximum settlement as shown in
Fig. e.

Case 2g in Fig. 9f includes columns with varying spacing
from Section DD’ at 2.0 m towards Sections CC’ and EE’
at 3.0 m (the average spacing is 2.5 m). This varying spac-
ing further slightly reduces the maximum settlement as
compared with Case 2f. Case 2g had the least settlement
among all the cases.

3.2.3. Horizontal displacement

Six representative cases for horizontal displacements are
presented in Fig. 10. For uniform soft soil conditions, the
soil left of Section DD’ (toe of the existing slope) moved
left away from the widened portion and the soil right of
DD’ moved right away from the existing embankment as
shown in Fig. 10a. This result is in good agreement with
that found by Han et al. [5]. The horizontal displacements
along the DD’ section is nearly zero. The largest horizontal
displacements (towards the left toe of the existing embank-
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Fig. 9. Settlement profile at the base of the widened embankment.

ment) occur at the CC’ section. The magnitude of the hor-
izontal displacements decreases from the CC’ section to the
BB’ and the AA’ sections. Since the lower layer is bedrock,
minimal horizontal displacements develop in this layer.

As compared with Case la in Fig. 10a, Fig. 10b shows
that the installation of columns under the widened portion
reduces the horizontal displacements at the EE’ section by
providing confinement but changes the direction and
increases the horizontal displacements at the DD’ section.
The change of the direction in the horizontal displacements
results from the rotation of the columns under only the
widened portion due to their rigidity under the weight of
the widened portion. Fig. 10b also shows that the columns
have little effect on the horizontal displacements of the soft
soil under the existing embankment.

Fig. 10c shows that the improved properties of the con-
solidated soil under the existing embankment reduce the
horizontal displacements under the existing embankment.

The horizontal displacements at the DD’ section moving
towards the widened portion result from the fact that the
soft soil under the widened portion is weaker than the con-
solidated soil. Fig. 10c also shows that the improved prop-
erties of the consolidated soil have little effect on the
horizontal displacements at the toe of the widened portion
(i.e., the EE’ section).

As compared with Case 2a, Fig. 10d shows that the
installation of columns reduces the horizontal displace-
ments under the widened portion.

As compared with Case 2b, further installation of col-
umns under the existing embankment reduces not only
the horizontal displacements under the existing embank-
ment but also those under the widened portion.

Case 2g includes columns with varying spacing from
Section DD’ at 2.0 m towards Sections CC’ and EE’ at
3.0m. This column configuration resulted in the lowest
horizontal displacements among all cases evaluated.
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Fig. 10. Horizontal displacement below the widened embankment.

3.2.4. Transverse gradient change

The transverse gradient change is defined as the distor-
tion (i.e., differential settlement/distance) of the pavement
in percent due to widening of the embankment. This distor-
tion is also the slope change of the pavement in the trans-

verse direction. In this numerical analysis, the pavement of
the existing embankment is assumed to be horizontal ini-
tially; therefore, the slope change of the pavement from
the initial position is equal to the current slope after widen-
ing. Fig. 11 presents the settlement profiles of six cases at
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the crest of the embankments. The transverse gradient
change for the existing embankment and the widened por-
tion can be determined as the slopes of the two straight
lines as shown in Fig. 11. The results of the transverse gra-
dient changes are summarized in Table 5. Fig. 11 and Table
5 both show the transverse gradient change for the widened
portion is always greater than that for the existing embank-
ment. It is shown that the improved properties of the con-
solidated soil (Case 2a) are helpful for minimizing the
transverse gradient change for the existing embankment
and the widened portion. The installation of columns
reduces these gradient changes as well. Installation of col-
umns beneath the widened portion (Cases 2b, 2¢, and 2d)
resulted in substantial reduction (/25-35%) in gradient
change. Reduction was even greater (=60-80%) when col-
umns were installed beneath the widened portion and the
preexisting embankment slope (Cases 2e, 2f, 2g, and 2h).
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Based on the recommendation of Ling et al. [2], if the limit
of 0.4% is used herein, only the cases with columns under
both the connecting side slope of the existing embankment
and the widened portion (i.e., Cases 2e, 2f, 2g, and 2h) meet
this criterion. These cases also meet the requirement of
—0.18 < g — g. < 0.43 (see Table 1), where gy, and g, are
the transverse gradient changes for the widened portion
and the existing embankment, respectively.

3.2.5. Vertical stress

The vertical stress distributions at the depth of 0.25m
below the base of the widened embankment are presented
in Fig. 12. Fig. 12 shows that the widening of the existing
embankment slightly disturbs the vertical stress distribu-
tion for the cases without columns (Cases la and 2a), i.e.,
the vertical stress changes at the interface between the
existing and widened portions. The solid lines in Fig. 12a
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Fig. 11. Transverse gradient change.
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Table 5
Transverse gradient change (%)

Case

la 1b 2a 2b 2c 2d 2e 2f 2g 2h
Existing, g. 0.21 0.22 0.16 0.15 0.15 0.15 0.05 0.05 0.05 0.04
Widened, g, 1.00 0.78 0.80 0.58 0.63 0.57 0.38 0.33 0.30 0.28
gw — &e 0.79 0.56 0.64 0.44 0.49 0.42 0.32 0.28 0.26 0.24

represent the approximation of vertical stresses based on
the overburden stress (y H,, y =the unit weight of the
embankment fill and H, = the height of the embankment
fill at each location, x, from a depth of 0.25 m below the
base of the embankment) of the embankment and the traf-
fic surcharge (¢ = 12 kPa for this analysis) on the crest. The
approximation of the vertical stress distribution agrees rea-
sonably well with the numerical results. The spikes in these
figures indicate the stress concentration on the columns.
Fig. 12b shows that the improved properties of the consol-
idated soil do not change the vertical stress distribution.
Even though stress concentrations exist on the columns,
the average vertical stress for these cases is still close to
those without columns, as expected. The analysis shows
that the vertical stresses on the columns are less than their
strengths, therefore, columns remain elastic under the wid-
ened embankment loads.

3.2.6. Shear stress
The shear stress distribution at the base of the widened
embankment is presented in Fig. 13. The positive shear
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stress acts towards the right direction (i.e., the widened
portion direction) while the negative shear stress acts
towards the left direction (i.e., the existing embankment
direction). However, the shear resistance provided by the
soft soil or columns is opposite to these directions. As
shown in Fig. 13a for Case la, the widened embankment
does not have a symmetric shear stress distribution as the
existing embankment as discussed by Han et al. [5]. Rather,
the widening of the embankment induces more shear stress
under the widened portion. It is reasonable that the
induced shear stress under the widened portion acts
towards the rightward direction. The comparison of the
results for Cases la and 2a shows that the improved prop-
erties under the existing embankment have little effect on
the shear stress distributions. For the cases with columns,
high shear stresses develop around the column locations
but low shear stresses remain in the soft soil between the
columns. In addition, in front of the columns for Cases
1b, 2b, and 2c (i.e., at the distance from 23 m to 30 m to
the left toe of the exiting embankment), there is a high
shear stress zone due to the resistance of the columns.
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Fig. 12. Vertical stresses at the base of the widened embankment.
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Fig. 13. Shear stresses at the base of the widened embankment.

These phenomena imply that columns can provide substan-
tial shear resistance to the lateral force induced by widen-
ing of the existing embankment. Case 2f in Fig. 13d
shows that the columns under the connecting side slope
provide shear resistance towards the right direction while
the columns under the widened portion provide shear resis-
tance towards the left direction.

4. Conclusions

Widening of existing embankments over soft soil pre-
sents important geotechnical and pavement problems
which have not been well addressed previously. Field
observations have shown that cracks, drop-off of pave-
ments, and collapse of embankment slopes often occur
after widening of embankments. This paper presents the
results of a numerical study of the stresses and deforma-
tions generated from widening embankments after the cal-
ibration of the numerical model. This study shows that
consolidated soil with improved properties under the exist-
ing embankment reduces the maximum settlement, the hor-
izontal displacement, and the transverse gradient change
but has little influence on the vertical and shear stress dis-
tributions. These reductions can also be achieved by install-
ing columns under the widened portion and/or the
connecting side slope of the existing embankment. In the
case of column installation under only the widened por-
tion, the maximum displacements shift to the connecting
side slope of the existing embankment. Further installation
of columns under the slope of the existing embankment

controls these displacements. The best performance can
be obtained by optimizing the column spacing under the
connection side slope of both the existing embankment
and the widened portion. In this study, the transverse gra-
dient change for the widened portion is always greater than
that for the existing embankment. The transverse gradient
change should be controlled to avoid possible failure or
damage of roadways after widening. This study also shows
the vertical stresses at the base of the widened embankment
can be approximated by summing the overburden stresses
created by the embankment and the surcharge on the crest
of the embankment. Widening the embankment increases
shear stresses in the existing embankment towards the wid-
ened portion. Foundation columns can provide shear resis-
tance to the shear stress induced by widening of the
embankments.
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